ABSTRACT. To elucidate the mechanism of the developmental decline in intestinal lactase activity at weaning, we examined lactase synthesis in suckling and adult rats. Lactase was purified to homogeneity from pooled intestines of newborn rats and used to raise a monospecific antibody. Using this antibody, we developed a quantitative immunoprecipitation assay for lactase. Intestinal microvillus membrane proteins were labeled in 15-day and adult rats by intraluminal pulse-chase with 3H-leucine, and newly synthesized lactase quantified by immunoprecipitation. When lactase synthesis was expressed as the quantity of microvillus membrane lactase synthesized relative to total microvillus membrane protein synthesized, a significantly greater proportion of 3H-leucine incorporation into lactase was demonstrated in the suckling animals. No structural differences between newly synthesized suckling and adult lactase were observed when they were compared by SDSpolyacrylamide gel electrophoresis and fluorography. These data suggest that a change in the rate of lactase synthesis plays a role in the postweaning decline in enzyme activity. 
such a process has not been demonstrated in animal studies (2-4). Nevertheless, in adult rats, current evidence indicates a direct effect o f diet and thyroxine on the enterocyte at all levels o f the villus (5-7). The molecular mechanism for the developmental decline in intestinal lactase activity remains to be elucidated. Possible mechanisms include age-dependent differences in rates o f transcription, enzyme synthesis, intracellular processing, transport, and degradation. Difficulty with purification o f lactase and its limited stability have previously precluded characterization o f each o f these processes, although descriptive studies o f the enzyme, such as its chemical and physical properties, its distribution along the villus, and its biochemical action, have been carried out (8-10). Recently, purification o f lactase from rat intestine has become technically feasible, and larger quantities o f the enzyme can be prepared in a stable form and stored for prolonged periods (10).

Using a modification o f this technique, we have prepared a monospecific antibody to intestinal lactase as a probe for the biosynthesis o f the enzyme.
The present study was undertaken to examine the relationship between the maturational decline in intestinal lactase activity and lactase synthesis rates in suckling and adult rats. Our results indicate that changes in rates o f enzyme synthesis may be at least in part responsible for the postweaning decline in lactase levels. 15- which yielded a 150-fold purification. Further purification was obtained by polyacrylamide disc gel electrophoresis in a nondenaturing system on which lactase migrated as a single band. The lactase band was identified by correlation of enzyme activity and Coomassie Blue staining and was sliced from untreated gels using the calculated Rf value. Gel slices were homogenized in equal volumes of complete Freund's adjuvant, and this preparation was injected into a rabbit (three subcutaneous injections at 2-wk intervals). After an additional 2 wk, IgG was purified from antiserum by chromatography on Whatman DEAE-cellulose. The resulting antibody was shown to be monospecific by radial diffusion and by immunoelectrophoresis (Fig. 1) . Quantitative immunoprecipation curves were constructed to identify the equivalence point of the lactase-antilactase reaction. Optimal conditions were initially established using variable quantities of lactase and antilactase IgG. Equivalence was reached with 7.0 pg antilactase IgG per m u lactase activity (Fig. 2) . Quantitative immunoprecipitation using this antibody and purified lactase resulted in precipitation of greater than 98% of the lactase activity. This antibody was used in all subsequent experiments.
MATERIALS AND METHODS
Experiments were performed using adult (6 to 8 wk) male and 15-day male and female albino rats (Charles River Breeding Laboratories, Wilmington, MA). Based on preliminary experiments, it was ascertained that
For immunoprecipitation, MVM preparations were homogenized in a small ground-glass homogenizer for 90 s. Lubrol-PX (Sigma Chemical Co., St. Louis, MO) was added to a final concentration of 0.6%. After I h at 23" C, the preparation was centrifuged at 27,000 x g for 30 min. The clarified supernatants were then employed in the immunoprecipitation assay using the antigen and antibody ratios described above. Reaction mixtures were incubated first at 37" C for 1 h and then at 4" C for 18 to 72 h. Precipitates were recovered by centrifugation at 12,800 :K g for 5 min in an Eppendorf Microfuge (Brinkman Instruments, Inc., Westbury, NY), washed once in PBS, dissolved in 0.1 1\1 NaOH and aliquots assayed for protein content and radioactivity.
Nonspecific precipitation of radioactivity was determined frorn reaction mixtures containing solubilized MVM fractions, purified ovalbumin (OVA), and rabbit antiovalbumin (generously provided by Drs. Gabriel Goldberger and Harvey Colten, Division of Cell Biology, Children's Hospital, Boston, MA). Immunoprecipitates from these mixtures were treated exactly as described above. Radioactivity precipitated by the OVA-anti OVA complex was not more than 5% of the radioactivity of the original precipitate.
Liquid scintillation counting. Radioactivity of the immunoprecipitates, the TCA-precipitated protein from homogenates an'd MVM fractions, and the TCA-soluble fractions was determined in a liquid scintillation spectrometer model LS 8000 (Beckman Instrument Co., Irvine, CA). DPM were calculated using a commercial quench series (New England Nuclear, Boston, MA,) and the Compton edge shift measure of counting efficiency (1 7).
SDS-Polyacrylamide gel electrophoresis.
Immunoprecipitates of labeled MVM lactase were prepared as described above.
Precipitates were solubilized by heating to 100" C in a boiling water bath for 5 min in 0.05 M Tris buffer containing 1% SDS and 5% P-mercaptoethanol. All other samples were solubilize'd in the same manner. Electrophoresis was performed on SDSpolyacrylamide slab gels consisting of a 3% stacking gel and a 7.5% separating gel made according to the method of Neville (18) . After running, gels were simultaneously fixed and staine'd in a 0.006% solution of Coomassie Blue in acetic acid, methanol, and water. Gels were prepared for fluorography according to the method of Laskey and Mills (19) , except that En3Hance (New England Nuclear) was used as the scintillant. Gels were fixed, and the excess stain was removed. Gels were then soaked in En3Hance, washed in tap water, and dried on filter paper backing. The dried gels were enclosed in an x-ray cassette against a sheet of preflashed Kodak X-Omat film and stored in a -70" C freezer for 4 wk.
RESULTS
L u /~r l i n g ( I / ' M VM pr-ofeins and MVM luctuse.
Radiolabeling of total MVM protein was examined in TCA precipitates of the niicrovillus membranes. Figure 3 leff depicts results of the timed labeling of total MVM proteins in the 15-day rats. There was a linear increase in the specific radioactivity of MVM proteins from 18.000 DPM/mg at I/? h to 47,000 DPM/mg at 4 h after labeling ( p < 0.005). In adult animals, a similar labelling pattern was observed: 65,000 DPM/mg at '/I h and 2 12,000 DPM/mg at 4 h ( p < 0.025).
Alpers and Thier (20) have demonstrated in rat jejunal slices that exogenously administered amino acids enter an intracellular pool before being incorporated into intestinal proteins. In addition, with an in vivo system and a double-isotope technique, they demonstrated that the radioactivity in intestinal protein, expressed as the %/I4C ratio, was identical to that of the intracellular soluble pool and different from that of the lumen and the blood. Thus, in vitr-o and in vivo the intracellular pool controls the entry of radioactive precursors into MVM protein. Figure 3 r-iglll shows the changes in radioactivity with time in the TCAsoluble fraction of mucosal homogenates from our experiments in the 15-day rats. Thcrc was a steady decrease over time, reflecting uptake of labeled precursor into protein. A small increase occurred at 4 h which may have been due to protein degradation and release of 3H-leucine into the pool. In adult animals, radioactivity in the TCA-soluble fraction also decreased with time. from 7064 DPM/ml at '/I h to 4649 DPM/ml at 4 h ( p < 0.0 1). Thus. in both suckling and adult animals, the decrease in 'H-leucine in the intracellular pool occurs concomitantly with the increase in MVM protein labeling. This pattern is indicative of a precursor-product relationship and is consistent with the findings of Alpers and Thier (20) . In addition, the time course of the MVM protein labeling suggests equilibration between the extracellular and intracellular pools by ' /z h after labeling and is similar in the suckling animals to that previously described for adult rats (20) .
The time course of radioactive labeling of lactase immunoprecipitated from MVM preparations from the 15-day rats is shown in Figure 4 . Substantial incorporation of 'H-leucine into lactase was accomplished by l/z h after labeling, with a n increase in specific radioactivity of lactase from 23,600 DPM/mg at 2 h to 59,400 DPM/mg at 4 h. Comparable values from experiments with adult rats showed a rise from 45,600 DPM/mg at l / 2 h to 235,000 DPM/mg at 4 h ( p < 0.025). Although these data show significantly greater incorporation of 3H-leucine into MVM lactase in adult than in suckling animals, incorporation of radioactivity into total mucosal protein (data not shown) as well as total MVM protein, as shown above, was also greater in adult animals. Total MVM protein in suckling (10 day) rats has been found to be half that found in adult animals (10) . Accordingly, incorporation into MVM lactase was expressed in each animal and age group as a fraction of incorporation into total MVM protein. Fig. 4 . Incorporation of 3H-leucine into MVM lactase in I 5-day rats at '11. 1. 2, and 4 h after labeling. Lactase was immunoprecipitated from MVM preparations as described in "Materials and methods." and the specific radioactivity was measured. Each point represents six animals and is expressed as the means + SEM. Fig. 3 . I,c,/i. incorporation of 'H-leucine into total MVM protein in 15-day rats at ' 12% 1, 2, and 4 h after labeling. Protein was precipitated from MVM preparations u,ith TCA. and the specific radioactivity was measured as described in "Materials and methods." Right, radioactivity of the TCA-soluble fraction of mucosal homogcnatcs from 15-day rats at 'I?. 1. 2, and 4 h after labeling. In both parts of Figure 3 . each poinl represents data firom six animals and is expressed as the mean & SEM. mg lactase in MVM x DPM/mg lactase FI = x 100 mg protein in MVM x DPM/mg protein F1 corrects for individual or age-related variability in mucosal surface area exposed to radioactive label, for potential variability in 'H-leucine dosage per gram mucosa, and for differences in efficiency in protein labeling between the two groups. It also corrects for differences in the absolute number of lactase molecules present or synthesized over time which may be much greater in adult than suckling animals secondary to differences in the total number of enterocytes available (2 1) and total MVM protein content (10) in the experimental loop of bowel.
HOURS
Specific enzyme activity of lactase in solubilized MVM preparations was 1.06 + 0.14 U/mg in 15-day rats and 0.36 + 0.03 U/mg in adult rats ( p < 0.0005). Fractional incorporation of radioactive label into lactase in the 15-day rats as contrasted with adult rats is shown in Figure 5 . At each time point after labeling, FI into lactase was significantly greater in the suckling (4.5 to 10%) than the adult (0.8 to 2.2%) animals, indicating greater differential incorporation into lactase. Again, substantial synthesis of lactase by I/? h after labeling was noted in both age groups. In adult rats, the percentage of label that was incorporated into lactase at each time point was constant. However, as shown in Figure 5 , the 15-day rats demonstrated a larger proportion of incorporation into lactase at 2 h relative to the other time points. 2.0% in the adult animals. Overall, there was no significant difference between the two age groups. The presence of active sucrase-isomaltase radiolabeling in the 15-day animals reflects the initiation of sucrase synthesis that occurs at this age (22) . The finding that fractional incorporation into sucrase-isomaltase in 15-day rats is comparable to that found in adults indicates that fractional incorporation does not simply parallel enzyme activity. FI into sucrase-isomaltase was not different in the tvvo age groups, but enzyme specific activity was 10-fold greater in the adult animals.
Electrophoretic anal~vsis of'MVM luctuse. Lactase immunoprecipitated as described above was examined by PAGE in SDS (17) . Figure 6 shows the result of a representative experiment. this preparation, shows that the newly synthesized lactase is found in a major band comigrating with the lactase band in the stained gel (lanes 3 and 4) .
DISCUSSION
Although there have been many studies over the past 30 yr attempting to elucidate the mechanisms controlling intestinal maturation, there are few data concerning specific molecular processes involved. We have used a monospecific antibody to intestinal lactase to develop a quantitative immunoprecipitation assay for newly synthesized MVM lactase in pulse-chase radiolabeling experiments. When lactase synthesis was expressed as amount of lactase synthesized relative to total MVM protein synthcsizcd, a substantial difference was found between 15-day and adult rats. Indeed, fractional incorporation into lactase was much greater in the 15-day animals at all time points studied. Thus, kinetic differences in uptake of amino acid precursors or protein degradation were not entirely responsible for the changes observed. In addition, as shown by the studies using SDS-PAGE, the MVM Iactasc from suckling and adult rats appears to be structurally identical.
The finding of significant quantities of newly synthesized lactase in the microvillus membranes of both 15-day and adult rats at '/I h after labeling suggests rapid synthesis and intracellular processing of this enzyme by the epithelial cells. A comparable time course was observed by Cezard ef al. (25) in studies of the kinetics of adult MVM sucrase-isomaltase synthesis using a similar intraluminal pulse-chase technique. Although intracellular sucrase-isomaltase was more heavily labeled than MVM sucrase-isomaltase during the 1st h after labeling, there was still easily measurable incorporation of 3H-!eucine into MVM sucrase-isomaltase at 10 to 30 min after labeling. Thus, enterocytes are capable of rapid synthesis and insertion of disacchandases into the MVM.
Since these pulse-chase labeling experiments were not done on single cells in a uniform cell cycle, but rather in a n in vivo system with some uncontrollable variables such as surface area of mucosa and number of enterocytes exposed to the radioactive label, it is not possible to extrapolate directly from specific radioactivity of MVM lactase to a lactase synthesis rate. For this reason, fractional incorporation of 3H-leucine into MVM lactase was calculated, and the labeling of MVM lactase in each animal was expressed as a percentage of the total MVM protein synthesized in the same animal during experimental time period. This measurement allowed comparisons between different age populations of animals, correcting for variation in animal size, length, and surface area of bowel included in the experimental loop, as well as individual efficiency of total protein synthesis. Fractional incorporation was also demonstrated to be not simply a reflection of enzyme activity. The experiments with sucrase-isomaltase clearly showed a divergent pattern between the two functions; fractional incorporation into sucrase-isomaltase was similar in suckling and adult animals although enzyme specific activity was 10-fold greater in the adult rats. Thus, fractional incorporation is a n independent expression of synthesis of a particular protein, in this case lactase, as a proportion of total protein synthesis during a given time.
As described, examination of MVM lactase from the 15-day and adult rats by SDS-PAGE and fluorography revealed a major protein band of newly synthesized enzyme. Previous workers have described various electrophoretic patterns of rat lactase under varying experimental conditions (lo, 26, 27). Birkenmeier and Alpers (26) found five protein bands by electrophoresis of rat lactase under nonreducing, nondenaturing conditions, with a major protein band having a molecular weight of 132,000.
Skovbjerg et a/. (28) reported that human lactase examined by SDS-PAGE consisted of a single protein band with a molecular weight estimated as 160,000. In our experiments, immunoprecipitated lactase from detergent-solubilized MVM, run under LACTASE SYNTHESIS DURING DEVELOPMENT 96 1 denaturing conditions, was seen as a major protein band with a molecular weight of approximately 127,000 daltons. This was true whether the MVM were obtained from the middle one-third of the small intestine of adult rats or the entire small intestine of the suckling rats.
Numerous workers have studied lactase enzyme activity in animals at or around the time of weaning. The developmental pattern of lactase activity was elucidated by Doell and Kretchmer in 1962 (29) . They found rapid increases in intestinal lactase in rats and rabbits in the last several days of gestation, a peak at the time of birth and gradual decline to adult levels at the time of weaning. Rubino ef ul. (1) made similar observations and, although no mechanism for these changes was postulated, they alluded to the coincidence of the decline in lactase activity and the weaning period. Since these observations were made, several mechanisms have been suggested to account for the decrease in lactase activity, including dietary adaptation, hormonal control, and changes in enterocyte migration rates.
Dietary adaptation has been extensively examined as a stimulus for the decrease in intestinal lactase activity. As early as 1907, experiments in rats and rabbits demonstrated n o correlation between dietary lactose and lactase activity (4). More recently, Bolin et ul. (30, 3 1) have demonstrated a persistence of lactase activity in adult rats after 5 to 10 wk of very high lactose intake, but these elevated lactase levels were transient and represented increases of 50 to 100% over controls, whereas the decline from infancy to adulthood is normally on the order of 5-fold (I). In addition, in experiments involving implantation of isografts of fetal mouse or rat intestine into adult animals, the graft demonstrated the same lactase developmental pattern as the normal intestine after birth, although it was never exposed to lactose (2, 32) . These findings argue against adaptation to dietary lactose as a controlling factor in decreasing lactase levels at weaning.
Dietary manipulation. however, led to significant insight into a completely different control mechanism regulating intestinal maturation. In a series of experiments involving the enforcement of premature weaning (33) , adrenalectomy (34) , and pituitary ablation with exogenous hormone replacement (35), a combined or interdependent effect of glucocorticoids and thyroxine on the maturational patterns of intestinal enzymes, such as alkaline phosphatase and lactase, was demonstrated. The mechanism by which these hormones have their effects remains elusive (36) , but may involve changes in lactase synthesis rate.
It has been known for some time that enterocytes mature both morphologically and biochemically while migrating from the crypts to the villi (37, 38) . In 1980, Boyle et a/. (9) demonstrated that there was differential lactase activity among cells along the length of the villus, with lactase activity increasing as the cells matured. Tsuboi c/ ul. (39) confirmed this pattern, then demonstrated acceleration in cell migration rates from crypt to villus as animals matured from 16 to 2 1 days of age. From these data they postulated that the mechanism for the decrease in lactase at weaning was the accelerated turnover and loss of the mature cells which contained the most lactase. These phenomena may be temporally parallel, but causally unrelated, since specific activities of sucrase-isomaltase, maltase, and alkaline phosphatase We have demonstrated that newly synthesized intestinal lactase can be labeled and quantified by an intraluminal pulse-chase technique and specific immunoprecipitation of the enzyme. The labeling of the MVM lactase relative to labeling of total MVM protein, i.e. fractional incorporation into lactase, was significantly greater in suckling than adult rats, and was not simply a reflection of enzyme specific activity. There is no structural difference in lactase between suckling and adult animals. These data suggest that changes in the rate of intestinal lactase synthesis may be at least in part responsible for the postweaning decline in Iactase activity.
